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. 
ON "HE VISUAL TRACKING OF TWO BRIGHT 

FROM C-130-TypE AIRCRAFT' 

SATELLITES 

2 
Richard C .  Vanderburgh 

To determine the general  f e a s i b i l i t y  of airborne v i s u a l  sa te l l i t e  - 
tracking, I made f i v e  f l i g h t s  aboard USA?? C - 1 3 0  a i r c r a f t  (see f igure  1). 
T h i s  was a preliminary s t e p  toward the development of a re l iable  and 
economic means of t racking low, unstable s a t e l l i t e s .  

Newly launched and rap id ly  decaying satel l i tes  are of ten  inadequately 
tracked because ( a )  f ixed ground sensors do not have l ine-of-s ight  t o  
c r i t i c a l  portions of the e a r t h  envelope, and ( b )  these operations are 
of ten  hampered by poor weather an& poor v i s i b i l i t y .  
presents  the l a r g e r  problem because of i t s  cons is ten t ly  l o w  a l t i t u d e  and 
increasing i n s t a b i l i t y .  Although d i f f i c u l t  phases of new launches are 
usual ly  adequately prepared f o r  by pre-launch posi t ioning of ground 
sensors, improper o r b i t  inject ions can render e x i s t i n g  ground sensors i n -  
adequate. Because he can locate  himself a t  posi t ions of optimum weather 
and s a t e l l i t e  i l lumination, the airborne observer can provide o r b i t  
ana lys t s  w i t h  v i t a l  da ta  a t  c r i t i c a l  times. 

A decaying s a t e l l i t e  

The f l i g h t s  described here were made possible through the courtesy 
O f  the 3245tkl A i r  Base W i n g ,  L. G.  Hanscom AFB, Bedford, bbssachusetts.  
Since our equipment included only that  provided by the operat ional  a i r -  
c r a f t ,  missions were r e s t r i c t e d  t o  r e l a t i v e l y  simple exerc ises .  Our 
t a r g e t s  were the two br ight  balloon s a t e l l i t e s ,  1961 Delta 1 (Explorer I X )  
and 1960 I o t a  1 (Echo I), as they afforded easy acquis t ion and their  
continuous o r b i t  maintenance by SA0 helped us t o  check our accuracy. 
Although n.3 s tab le  satell i tes can be r e a l i s t i c a l l y  subs t i tu ted  f o r  un-  
s t a b l e  ones, the two balloons served w e l l  as p r a c t i c a l  t a r g e t s  t o  tes t  
experimental predict ion and observation techniques. 

~~ ~ 

'Supported by grants  NsG 4am and NsG 563 from the National Aero- 
naut ics  and Space Administration. 

Chief, Moonwatch Division, Smithsonian Astrophysical Observatory. 2 
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Our over-al l  accuracy was about w h a t  we expected, considering the 
uncontrollable e r r o r s  introduced by altitude -azimuth reference i n s t a b i l i t y  
and the uncertainty of a i r c r a f t  pos i t ion .  
e r r o r s  would require  such refinements a s  prec is ion  gyro s t a b i l i z a t i o n  of 
the a i r c r a f t  or of the  observing instrument references,  and the most ad- 
vanced a i r  navigation equipment. If airborne observing serves pr imari ly  
as a c r i t i c a l  source f o r  the improvement of only the t r u e  anomaly, how- 
ever, grea t  accuracy i s  not so  important as it would be i f  all other  
o r b i t a l  elements a l s o  had t o  be improved. 
s a t e l l i t e s ,  t heo re t i ca l  computations combined w i t h  sparse but  accurate 
ground-semor da ta  a re  usual ly  s u f f i c i e n t  f o r  d e f i n i t i o n  and ex t rapola t ion  
of the bas i c  o r b i t  plane parameters (node, i nc l ina t ion ,  argument of 
perigee,  and, t o  a limited extent, semimajor axis and e c c e n t r i c i t y ) .  By 
comparison, true anomaly ( t r ans l a t ed  i n t o  mean anomaly or mean motion) 
extrapolat ions a re  usual ly  poor because of the unpredictable e f f e c t s  of 
a i r  drag (espec ia l ly  s ign i f i can t  f o r  low o r b i t s ) .  Therefore the a v a i l -  
a b i l i t y  of comparatively inaccurate a i rborne observations,  a t  c r i t i c a l  
times when no ground-sensor data e x i s t ,  can he lp  t o  keep mean motion 
under control;  by carefu l ,  i nd i r ec t  appl icat ion,  the ana lys t  can r e f i n e  
the other  o r b i t a l  elements. Obviously, an observation i n  e r r o r  by as 
much as f i v e  seconds (time) i s  of value when the extrapolated mean motion 
i s  i n  e r r o r  by f i v e  minutes. 

S igni f icant  reduction of these 

For both new and old unstable 

Shadow-entry observations, m i c h  can s i g n i f i c a n t l y  he lp  t o  f i l l  the 
need f o r  determining the mean motion, are e spec ia l ly  easy t o  obta in  from 
a i r c r a f t .  The observer simply acquires the satel l i te  i n  h i s  o p t i c a l  
instrument and follows the  image t o  shadow entry,  noting Only the t i m e  
of t he  event .  He need record ne i ther  satel l i te  nor a i r c r a f t  posi t ion,  
s ince t r u e  anomaly can be determined from the in t e r sec t ion  of o r b i t  
periphery and the  earth-shadow cone a t  the observed shadow-entry time. 
Althougn a few unusual combinations of sa te l l i te  inc l ina t ion  and sun 
dec l ina t ion  can produze either continuous satel l i te  i l luminat ion or  poorly 
defined shadow thresholds,  most an t i c ipa t ed  conditions would y ie ld  
definable shadow e n t r i e s .  

Sunset phenomena observed by U.  S. as t ronauts  (NASA, 1962) ind ica te  
that  the t r a n s i t i o n  from the br ight  so l a r  d i s c  t o  a br ight  horizon il- 
lumination i s  f a i r l y  rapid,  although the i l luminat ion i t s e l f  lasts f o r  
severa l  minutes. "nus the  timing of the f irst  de tec tab le  dimming that 
i s  not. nile t~ t 1 ~ ~ k l h g  would rep reszz t  tiie disc-to-ribbon t r a n s i t i o n  and 
would y i e ld  a n i ce ly  def inable  event.  Shadow e n t r i e s  during the f l i g h t s  
described here were recorded as a l t i t u d e  -azimuth events  a t  t o t a l  d i s -  
appearance and were t r e a t e d  as such f o r  accuracy determination 
R e a l i s t i c  evaluation of shadow-entry observing techniques would requi re  
spec ia l  data-reduction programs t h a t  would quickly define t h e o r e t i c a l  
shadow thresholds . 
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F l i m t  schedules 

All f i v e  f l i g h t s  originated a t  Hanscom AFB, Bedford, h s s a c h u s e t t s .  
They were canducted between 28,000 and 30,090 feet, the optimum range 
f o r  the a i r c r a f t ,  considering over-all  s t a b i l i t y .  We expected t o  t o p  
clouds except f o r  occasional thin c i r r i .  Each mission was t o  be f i v e  
t o  s i x  hours long. 
knots; winds gave a ground speed ranging from 240 t o  310 knots. 

Normal cruis ing speed f o r  the C-130 i s  about 280 

We conducted the first flight i n  the v i c i n i t y  of the Lac des Loupes 
rad io  beacon ( 4 7 O N  76O30 '~) .  While on locat ion,  the a i r c r a f t  w a s  t o  
follow a "racetrack" pattern,  maintaining constant headings mile ob- 
servat ions were i n  progress. 

The remaining flights,conducted over water of f  the e a s t e r n  United 
S t a t e s  seaboard, proved more sa t i s fac tory ,  because maneuvering require  - 
ments f o r  a i r - t r a f f i c  control  here were less s t r ingent  than thme Over 
the continent.  
Is iand 6 4 4 O N  60'~) and f l i g h t  5 between Boston and the v i c i n i t y  of 
38 N 70 W .  

W e  made f l i g h t s  2 through 4 between Boston and Sable 

A few days before each proposed flight, I consulted the latest 
ephemerides (SA0 Ephemeris 6) of s a t e l l i t e  p a r a l l e l  crossings, and, 
from s a t e l l i t e  paths and probable a i r c r a f t  posi t ions,  made nominal look- 
angle predict ions.  We scheduled f l i g h t  1 t o  coincide w i t h  two t r a n s i t s  
of Echo I; 'flights 2 through 4, w i t h  three successive t r a n s i t s  of Echo I; 
and f l i g h t  5, w i t h  one t rans i t  of Explorer I X  and one of Echo I. W e  
attempted t o  posi t ion the a i r c r a f t  within o r b i t  planes only f o r  the one 
Explorer I X  t r a n s i t .  Fol. the other t r a n s i t s ,  we secured s u f f i c i e n t  a i r -  
c r a f t  proximity t o  o r b i t  planes t o  obtain elevated satell i te pos i t ions .  

I used the experience from the f i rs t  two flights t o  out l ine  the  
pred ic t ion  and o3servation record forms f o r  subsequent missions (forms 
1 and 2 ) .  A simple analog a i d  consisting of a meridional ne t  and mul- 
t i p l e  ro ta tab le  overlays helped me t o  ca lcu la te  useful  s a t e l l i t e  revo- 
l u t i o n s  and best a i r c r a f t  times and posi t ions from para l le l -c ross ing  
ephemerides (SA0 Ephemerts 6 ) .  

Observing equipment 

The mi l i ta ry  model of the Kollsman Periscopic Sextant 1287 series 
w a s  the o p t i c a l  instrument used on a l l  f l i g h t s  (see f igure  2 ) .  
instrument, normally used i n  c e l e s t i a l  navigation, i s  standard equipment 
aboard commercial and m i l i t a r y  a i r c r a f t  f l y i n g  overseas. The following 
e x t r a c t  from the Pan American World Airways Pacif ic  Navigation Manual 
descr ibes  i t s  general  charac te r i s t ics :  

This 
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. . . a sextant incorporating a periscopic o p t i c a l  system. It 
permits t h e  navigator t o  make observations from within t h e  cabin by 
projecting t h e  periscope beyond t h e  skin of t h e  a i r c r a f t  through 
a spec ia l ly  designed opening and mount. This feature el iminates  
the astrodome --necessary w i t h  the present standard hand-held sextants  
along w i t h  i t s  i m e r e n t  complications such as s t r u c t u r a l  d i f f i c u l t i e s ,  
d i s t o r t i o n  of l i n e  of s i g h t  and disturbance of a i r  flow. 

* 
The horizon reference on commercial models i s  an i l luminated l i n e  

projected i n t o  the f ie ld  of view. The l i n e  i s  formed by r e f l e c t i o n  
from a liquid-damped wndulous mirror.  I n  m i l i t a r y  models, the horizon 
reference i s  a bubble whose s ize  can be var ied as desired.  

-4 - 
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"he o p t i c a l  system of the sextant w i l l  permit observations of 
c e l e s t i a l  bodies through 360 degrees i n  azimuth and from minus 10 
t o  92 degrees i n  e levat ion.  The sextant has a t r u e  f i e l d  of v i s ion  
of 1 5  degrees w i t h  a magnification of two power and an e x i t  pupi l  
of 4.5 mm. By using coated opt ics  a high l igh t  transmission i s  ob- 
ta ined  which gives v i s u a l  brightness approximately equal  t o  a 7 mm. 
e x i t  pupil  W i t h  uncoated lenses .  The ocular has an adjustable  focus 
of -2 t o  plus 2 d iopters  w i t h  a s o f t  rubber eyeguard t o  protect  (and 
shield) the observer 's  eye. 

The Optics i n  the periscope sec t ion  of the instrument are her- 
metically sealed w i t h  d r y  air  t o  prevent moisture condensation when 
the upper sec t ion  of the periscope i s  i n  colder air.* 

. . . The l i n e  of s igh t  i s  r o t a t a b l e  i n  elevation, within an 
accuracy of two minutes, by t i l t i n g  t h e  r e f l e c t i n g  surface of t h e  
index prism, which i s  a t  t h e  entrance window of t h e  instrument . . . . The a l t i t u d e  angle of t h e  c e l e s t i a l  body i s  obtained when 
the instrument i s  adjusted so  that the image of the  c e l e s t i a l  body 
and the horizon l i n e  ( o r  bubble center )  coincide. 
op t ics  are s o  designed that the matching of the c e l e s t i a l  body and 
horizon l i n e  (or bubble) need not necessar i ly  be i n  the center of 
the f i e l d  of view as they  w i l l  remain i n  the f i e l d  of v i s ion  up t o  
an angle of 6 degrees from the center  of the o p t i c a l  a x i s  of the 
sextant .  

The sextant 

The mi l i ta ry  mount ( f igure  3 )  i s  so  constructed that  the look-angle 
of a s ighted object can d i r e c t l y  indicate  the t r u e  heading of the a i r -  
c r a f t .  The observer must know t h e  t r u e  azimuth of t he  object  of in- 
t e r e s t  and s e t  it i n t o  t h e  d i g i t a l  readout window by turning t h e  hand- 
cranked gear t r a i n .  
a i r c r a f t  headings frsx PSlEi-is before and after each s a t e l l i t e  t r a n s i t .  

I used t h i s  procedure t o  determine t h e  t r u e  



For satel l i te  observations we set the  azimuth r i n g  t o  zero t o  g e t  
reversed r e l a t i v e  bearings* f o r  s a t e l l i t e  d i r ec t ions .  F i t t i n g s  on 
the per iscopic  tube guide it through an a i r lock  i n  the mount and 
engage an azimuth reference l i n e  tha t  moves when the instrument i s  
turr,ed about the v e r t i c a l  ax i s .  
that contains the reference l ine  i s  i l luminated ex terna l ly ;  i t s  image 
.projects  i n t o  the sextant opt ics  ( f igure  2b) .  

A'  small segment of the azimuth c i r c l e  

The commercial mount has a manually ad jus tab le  azimuth c i r c l e ,  
which :an be set w i t h  reference t o  a lubber l i n e  . Since t h e  s c a l e  
i s  not  projected i n t o  the sextant opt ics ,  readings must be made ex- 
t e r n a l l y  by examination of the in te rsec t ion  of t he  sextant  reference 
l ine and the azimuth sca le .  

3Ht 

We used stopwatches i n  conjunction w i t h  naviga tor ' s  master watches 
(set  t o  r ad io  t i m e  s igna l s )  t o  record s a t e l l i t e  f i x  times. 
a i r c r a f t  pos i t ion  by using loran, radar ,  and other  standard a i r  naviga- 
t i o n  a ids .  

We determined 

Observing procedures 

From our experience w i t h  the  f i v e  f l i g h t s ,  we developed the following 
observing procedures : 

1. Using the SA0 Ephemeris 6, the A i r  Almanac, analog aids, dead- 
reckoning posi t ions,  and the predict ion planning form (form l), the ob- 
server computes s a t e l l i t e  look-angles and the azimuth of Po la r i s  ( o r  
o ther  su i t ab le  c e l e s t i a l  bodies) .  

2.  About t e n  minutes before he begins t o  look for the satell i te,  
the observer shoots Polar i s ,  ca l l ing  off  bearings t o  an a s s i t a n t ,  who 
simultaneously records them and the s h i p ' s  compass readings.  

3 .  Using the Polaris-determined t r u e  heading of the a i r c r a f t  and 
the predicted azimuth of the s a t e l l i t e  ( a t  acquis i t ion) ,  he computes the 
reversed r e l a t i v e  bearing ( -RB). 

4. The observer then sets the mount counter t o  zero and the com- 
puted satell i te a l t i t u d e  i n t o  the per iscopic  sextant  and, by turn ing  
the instrument, s e t s  it on the desired reversed r e l a t i v e  bear ing.  

5 .  One a s s i s t a n t  i s  br iefed t o  r e c o r d k h i p ' s  compass readings and 
the -RB as ca l led  over the interphone system by the observer.  Another 
assistant is  br ie fed  t o  record sextant  a l t i t u d e  readings and t o  exchange 
stopwatches w i t h  the observer a f t e r  each f i x .  

*At nose, 00; at por t  wingtip, Po; a t  ta i l ,  180~; a t  s tarboard 
wingtip,  2 7 0 ~ .  

"Aircraft longi tudina l  ax i s  reference.  

- 5- 



6 .  Alternately i l luminat ing the sextan t  f ie ld  of view f o r  horizon 
reference and darkening it f o r  ob jec t  acquis i t ion ,  the observer begins 
his p a t r o l  a t  the predicted t i m e .  
f i x e s  as he can, depending on h i s  assistants' recording speed. 

Upon acquis t ion  he makes as many 

7. To obta in  a good f i x ,  the observer presets the sextan t  a l t i t u d e  
adjustment t o  a l l o w  the satell i te image t o  d r i f t  through the  center  of 
the bubble, which, i n  turn,  is  centered i n  the f i e l d  of view. The ob- 
server calls trmrk'' a t  the event time, simultaneously s t a r t i n g  a s top-  
Watch; then he c a l l s  out the -RB, waits f o r  confirmation t h a t  it and t h e  
altitude have been recorded, and rece ives  a new stopwatch. 
satellite may have drifted out of the f i e l d  of view during recording 
operations,  the observer proceeds t o  "find" it again, and then i n i t i a t e s  
add i t iona l  f ixes .  

Because the  

8. As f i x e s  are made, the a s s i s t a n t s  record data on the observation 
form (form 2), w i t h  th ree  l i n e s  t o  each f ix . .  
the second l ine  i n  the azimuth column, a l t i t u d e  on the f i rs t  l i n e  of the 
a l t i t u d e  column, and stopwatch-elapsed t i m e  on the second l i n e  of the 
t i m e  column. The Universal Time a t  which each watch i s  stopped i s  entered 
on the first l i n e  of the t i m e  column. The d i f fe rence  between l i n e s  1 and 
2 gives the UT of the  event.  The sh ip ' s  compass reading i s  entered after 

They e n t e r  -RB f igu res  on 

"COMP: . '' 
9. When the  s a t e l l i t e  i s  no longer v i s i b l e ,  the observer makes 

another Polar i s  check. These readings before and after sa te l l i t e  ob- 
serving are entered a t  the bottom of form 2. 

10. I n  order t o  complete the remainder of the observation form, the 
observer subt rac ts  reversed r e l a t i v e  bearings from t r u e  headings t o  ob- 
t a i n  t r u e  azimuths; appl ies  r e f r ac t ion ,  Coriol is ,  and rhumbline correc- 
t i o n s  t o  sextant a l t i t u d e  t o  obtain observed a l t i t u d e ;  and computes 
l a t i t u d e ,  longitude, e levat ion,  ground speed, and t r u e  course f o r  each 
event t irne . 
Resul ts  

Echo I was t h e  e a s i e r  object  t o  acquire,  although a t  low e leva t ion  
it of ten  took the observer ha l f  a minute or s o  t o  i d e n t i f y  it, because 
of i t s  slow motion. 

Explorer  I!! T:'ZS b a r e l y  brigfit  enough t o  acquire a t  a slant range of 
1000 km (20' elevat ion;  sun 15' below). As the sa te l l i t e  approached the 
zeni th  (4.30-h s l a n t  range), it moved through t h e  sextant  f i e l d  too  fast  
t o  permit reacquis i t ion  a f t e r  recording delays before en te r ing  the  earth 's  
shadow immediately past  zeni th .  Continuous t r ack ing  would have been 
prac t icable  a t  even higher apparent v e l o c i t i e s ,  i f  I had not had t o  hold 
the  sex tan t  steady f o r  a moment following each f i x  f o r  recording.  

-6 - 



The main disadvantages of t h e  sextant  used are the r e l a t i v e l y  
r e s t r i c t e d  appareat f i e l d  of view, the small aperture, and the 
field-obscuring by the bubble. I found no use for the averaging 
device during th i s  exercise .  A s  a horizon reference,  the bubble 
(or commercial model i l luminated l i n e )  i s  suscept ible  t o  false i n -  
d i c a t i o n  caused by a i r c r a f t  accelerat ions.  

Table 1 i s  a compilation of observational data, w i t h  corresponding 
p o s i t i o n a l  acc;rracy derived from DOI* output.  
e n t r y  i s  the vector difference ( i n  seconds of a r c )  between observed and 
computed s a t e l l i t e  posi t ions a t  observed times. 

Each root  mean-square 

Table 2 i s  a facsimile of the complete D O 1  output, including i n -  
terspersed Baker - N u n  camera observations. 
were used t o  produce the computed o r b i t .  Orbital elements used are 
presented on the f i r s t  l i n e ,  i n  t h e  following order: argumnt of perigee; 
node ; inc l ina t ion ;  eccent r ic i ty ;  t rue  anomaly; number of revolutions per 
day; semimajor ax is  (megameters); perigee radius;  and perigee height .  
Column headings are (1) observation number; ( 2 )  s t a t i o n  number; ( 3 )  s t a t i o n  
weight (assigned standard e r r o r ) ;  ( 4 )  t i m e  (MID); ( 5 )  s l a n t  range (from 
observer t o  s a t e l l i t e )  i n  megameters; (6 )  computed mean anomaly a t  ob- 
se rva t ion  t i m e ;  (7)  observed minus computed t r u e  anomaly; (8) dec l ina t ion  
or a l t i t u d e  residuals ;  (9 )  r i g h t  ascension or azimuth res idua ls .  

Only Baker - N u n n  observations 

A s  would be expected, practice improved q u a l i t y .  The root  mean- 
square f igures  i n  t a b l e  1 show observing e r r o r s  of 3 t o  16 degrees f o r  
the first 10 observations. O f  the next 24 observations, 19 were under 
two degrees; 12, under one degree. The large res idua ls  of the  next 6, con- 
s t i t u t i n g  a l l  of one t r a n s i t ,  probably r e s u l t  from inadvertent  instrument- 
s e t t i n g  or recording e r r o r s .  By f l i g h t  4, each member of the observing 
team was s u f f i c i e n t l y  prof ic ien t  t o  he lp  keep the cumulative observational 
e r r o r s  cons is ten t ly  low, except f o r  one t r a n s i t ,  during which observing 
d u t i e s  were exchanged. In  pos i t iona l  accuracy the five observations made 
by Captain Jochum compare closely w i t h  my f i rs t  five. 

Conclusions 

While more developmental, experimenta1,and organizat ional  work is 
s t i l l  required before a sound operational approach t o  airborne satel l i te  
t racking  can be effected,  the exercise h e r e i n  described shows what can 
be done w i t h  unmodified operational aircraft and quickly t ra ined observers.  
The methods used and the techniques developed should work w e l l  w i t h  higher- 
performance a i r c r a f t  and specialized observing equipment t o  produce a 
g r e a t e r  observing capabi l i ty  w i t h  higher accuracy. 

* 
SA0 D i f f e r e n t i a l  Orbit Improvement Program. A Special  Report 

descr ibing t h i s  program i s  now i n  preparation. 
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Table 1. --Tabulation of observations 

D a t e  Object Time (UT)  

7 Sept Echo I 0107: 57.4 
0108:14.9 
0246:45.6 
0253 : 50.2 

11 Sept 2329: 43.5 
2331 : 38.0 
2333 : 52 .O 
2334:ll.O 
2335:29.0 
2337321.9 
2347: 13.5 

12 Sept 0132: 28.5 
0134:20.9 
0135 : 41.4 
0137:20.2 
0138 : 27.8 
0142 : 34.2 
0143 : 33 .O 
0144:35.3 
0146 : 12.7 
0331:04.0 
0332:13.9 
03 34 : 50.8 

Shadow e n t r y  0341: 16.3 

19 Sept 2302 : 39.5 
2306: 40. I 
2308 : 42.5 
2312: 32.3 

20 Sept 0102 : 47.9 
0103 : 51.0 
0104 : 59.9 
0106: 24.1 
0108: 41.2 

Shadow e n t r y  0109:33.5 
0257: 28.2 
~258: 38.6 

0301: 27.8 

Shadow en t ry  0304: 23.3 

0258: 59.3 

0302: 48.3 

Azimuth 

074.5 
066 .o 
236.5 
226.8 

162 .o 
100.5 
081.2 
077.0 
072 5 
068.0 
065.5 

276 .o 
279 *8 

299.4 
065 5 
077.5 
077 5 
079.0 
291 5 
292.2 
295.2 
045.8 

022.5 
061.8 
065.4 
072.0 

287 5 
287.2 
288.1 
292 5 
104.2 
107.2 
282.5 
280.8 
280 .o 
276.5 

274.4 

286.4 

272 5 
264.0 
-12- 

A l t  it ude 

20.0 
03 -7 
14.6 
61. .2 

70.2 
64.7 
53 03 
45.1 
37.9 
26.8 
08.9 

22.7 
32.2 
42.9 
57.3 
67.2 
61 .o 
52.6 
44.6 
35.1- 
16.6 
22.3 
35.8 
71.9 

68.1 
37.1 
28.1 
11.4 

39 -2 
53;1 
65.6 
82.0 
70.1 
59.7 
14 .O 
20.1 
24.5 
36 .o 
45.2 
58.6 

Root Me an - Square 
of D O 1  Pos i t ion  

Residuals 

56814 

16549 

15828 
17449 

16505 
14639 
12089 
828 

11527 
29680 

15412 

3 728 
4051 
1765 
1345 
2325 
585 

13232 
6056 
4479 
83 52 

13 566 

33 50 
43 1 
8788 
2293 

13071 

3922 
2611 
4161 
7111 
39151. 
4.0504 
42700 
36134 
32051 
22366 

5684 
3486 

nn-0 
C Y  I "  



Table 1. --Tabulation of observations (continued) 

Root &an-Square 

Residuals 
Date Object Time (UT)  Azimuth Alti tude of D O 1  Posi t ion - 

24 SePt Echo I 2334:41.8 288.8 
2336:31.8 291.3 
2338~08.3 298.8 
2339:17.8 307.4 
2341.00.5 334.8 
2342:03.2 018.5 
2343:31.8 062.5 
2346:46.2 087.5 
2347:46.6 090.7 
2348:56.7 092.2 

Shadow e n t r y  2349 : 40.1 093 .O 

25 Sept 0140: 19.2 271.5 
0141:17.7 266.5 
0142:38.9 258.0 
O143:15.6 249.3 
0144:19.0 236.5 
0334:38.7 286.3 
0335:42.1 283.3 

0337:16.0 277.0 
0338:00.2 274.8 

Shadow e n t r y  0339:21.1 267.0 

0336:21.0 281.1 

18.8 
31.2 
42.2 
53 92 
68.3 
72.1 
64.6 
38.4 
32.7 
27.0 
23.9 

28.4 
34.2 
41.7 
44 .O 
48.4 
07.3 
10.7 
12.6 
15.6 

21.9 
17.4 

14 O c t  Explorer IX 2318:05.8 276.5 28.7 

2319:26.1 263.0 77.1 
2318:53.1 274.8 49.6 

15 Oct Echo I 0002:16.9 229.0 05 -9 
0003:09.7 224.0 05 *7 
0004:05.5 219.0 05.5 
0004:47.8 215.3 04.8 
0005:45.4 210.3 04.3 
0006:48.3 205.3 03.4 
0009:50.1 194.0 -00.3 

4684 
9757 
4273 
2280 
3447 

108 
926 

1914 
2742 

3632 
4817 

27102* 
25786" 
19555" 
26043* 
23297" 
5013 
3847 
3348 
4730 
1761 
2819 

* 
Observations made by USAF Navigator Captain Arthur Jochum. 
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mble 2. --DO1 facsimile 

P E R -  NODE I N C L I N A T I O N  ECC . ANOMALY N A ( M M )  Q l M M l  P ' ( M Y )  
285 7 6 6 3 5  2 3 8  64 131 47 ,29520 0 0 6 1 4 1 1  -485882  12.530565 7.829421 7 .348605 . 980941 

12798 9 0 0 9  150. 38279.033666 - 4 0 0 0 1  50  53990 382790047192 
40002  5 1  5 3 9 9 -  38279,047395 
12773  9 0 0 4  1500 38279.050617 
12761  9 0 0 1  150. 38279.115548 

- 40003  52  5 3 9 9 -  38279.115805 
- 4 0 0 0 4  5 3  5399 .  382790120720 

1 2 7 7 4  9 0 0 4  150- 38279.135466 
12762 9 0 0 L  150-  38279.200446 
1 2 @ 0 0  9010 150.  382790206596 

1 2 7 6 3  9 0 0 1  150.  38279,287035 
1 2 8 0 1  9 0 1 0  150- 38279.293668 
12781  9 0 0 7  150-  38279.388183 
12820 9 0 0 5  150- 382790435571 

- 40005 5 4  53990 38283.978976 

- 40006  5 5  53990 38283.980301 
- 40007  5 6  53990 38283.981852 
- 40008  57  5399 .  38283.982072 - 4 0 0 0 9  58  5399 .  38283.982974 
- 40010  5 9  5399.  38283.9A4281 

4001  1 6 0  5399. 38283.991128 
1 2 8 8 9  9008 150. 38284.008566 
4 0 0  1 2  61 5399.  38284.064229 
4001 3 62 5399. 38284.065520 
4 0 0 1 4  6 3  5399. 38284.066451 

40015  6 4  5399 .  38284.067595 
40016  6 5  5399 .  38284.068377 
40017  66 53990 38284.071229 
40018  6 7  53990 38284.071910 
4001 9 6 8  5 3 9 9 ,  38284.072631 

40020  6 9  5399.  38284.073758 
12871  9002 i so ,  3e284-093092  
12872 9002  150. 38264.099505 

. 40021  7 0  5 3 9 9 ,  38284.146574 
COO22 7 1  5399.  38284.147383 

4002 3 7 1  5399. 38284.149199 

1 2 8 9 4  9 0 0 1  150. 38284.232940 
12898 9 0 1 2  150.  38284.304747 
12895 9 0 0 1  150.  38284.312664 

4 0 0 2 4  7 3  5399 .  38284 ,  1 5 3 6 6 1  

12899  9012 150.  38284.390631 
12900  9012  140 .  382840392024  
12901  9 0 1 2  150 .  38284,567138 - 12902  9 0 0 8  150.  38284.702492 

- 12897 9Q06 150 .  38284.707801 

RHO 

2.886 
4 0 8 3 8  
4.91 7 
2.259 
1 7 5 6  

3.702 
2.065 
l o 9 1 8  
2.  339  
3.227 

2,708 
2.583 
2 - 9 4 6  
1 808 
2,471 

2.079 
1.805 
1.789 
1 .790 
1 969 

4 ,409 
2 . 8 5 5  
3.172 
2.691 
2 .393 

2 - 1 0 3  
1.973 
2.106 
2.266 
? . 4 7 0  

2.845 
3.255 
2.702 
3,631 
3.314 

2,667 
2.027 
2.861 
3.57s 
2.998 

3.847 
3.735 
2.152 
2.540 
3.016 

M A  D M 1 R E V )  

- 3 1 7  .863E-4 
- 4 8 7  -.0224810 
- 4 8 9  .0024085 
,530 -062E-5 
- 3 4 3  ,704E-4 

,346 -0023137  
- 4 0 8  oOO15728 
,593 -090E-5 
,407 o563E-4 
- 4 8 4  -273E-4  

- 4 9 2  -418E-4  
575 - 0  346E-4 

,759 - - 0 0 0 1 0 1 6  
0 3 5 3  o763E-4 . 2 8 4  0446906  

301 0440405  
032.0 a0314546 
,323 ,0331067 
,334 - 0 2 6 6 6 3 6  
0351 - 0 2 0 4 9 8 8  

- 4 3 6  -.0001305 
,655 o55hE-4 

352 0 0 0 3 6 3 9  
,369 - .OOOYOZO 
,380 oOOO154-1 

. 395 ,0002574 
,404 -. 305E-4 
- 4 4 0  -.341E-4 
,449 .0006432 
- 4 5 8  .0002686 

- 4 7 2  - ,0009949 
- 7 1 4  o201E-4 
,794 -251E-4  
- 3 8 4  o000186l 

3 9 4  oOOO4389 

o 4 t 7  - .0007943 
,473 -.0028425 

466 - 1 3 OE-4 
- 3 6 6  - .0001515 
,466 - - 8 1 2 € - 4  

- 4 4 3  -.0001049 
-460 -. 91  7E-4 

- 3 5 1  -.0013657 
- 6 5 4  -141E-4  

0417 -.0002216 

- 1-4 - 

2 8 9 ,  1 L O  

53986 .  17?Om 
-1900. -11369.1 

-79. -62 
2 5 0 -  2 7 3 .  

949. -29665 .  
580 .  -16539 .  7 

-100. -95 . 
150. 182. 
103. 64 .  

-35. 149 .  
86. -12  1. 

332 -176.  
262. 300- 

50918. 

-112497 .  -133379 .  
- 1 3 0 2 1- 2 - 8  2 4 5 6 0 

-146347 .  - 7 6 3 1 2 -  
r134102. -58715 .  
-1137130 - 4 1 0 4 6 -  

529.  - 6 3 4  
26- 309. 

1 7 4 b .  

- 8 2 .  
1 8 6 5 .  

446 0 

- 1 .  13232.  
6052 

805 
-405 1 - 

259.  

1342-  
-1388. 

379.  

2 10. 

4449.  
2.  9 7 .  

-53. k O O .  
-1331. 8 7 4 m  

273. 

-3657 
9155-  

84. 
-383. 
-203 

-250. 
67. 

-61 
-4772 . 

-678. 

5677 

-449 . 
1 4 8 .  
89. 

-245 .  

82 . 
263.  

42  
-1436.  

- 2  0 4  

i 1 
6 3  



Table 2.--DO1 -facsimile (continued) 
P E R .  NODE I UCL I Y A  T I ON E C C  . AUCIMALY 

323 - 9 %  199  205o41270 47 .26920 - 0 5 9 4 7 1  .799365 

06s. S T A .  RS(S1 T I M E ( U 1 )  

13011  9002  150. 3 8 2 9 1 - 0 3 5 1 7 7  
1 3 0 1 2  9002  150. 38291.036082 

1 3 0 2 4  9 0 0 1  150, 38291.  166243  
13025  9 0 0 1  150. 38291.167877 

1 3 0 1 3  9 0 0 2  150. 38291.  114543  

13026  9 0 0 1  150. 38291.169158 

1 3 0 1 9  9 0 1 1  150. 38291.274007 

1 3 0 2 1  9011 150. 38291.353772 

13027 9 0 0 1  150. 38291 ,250505  

1 3 0 9 4  9 0 1 2  150. 38291.329231 

1 3 0 1 4  9007  150. 38291.354032 
13015  9007  150. 38291.355387 
1 3 0 2 2  9 0 1 1  150.  38291.357236 
1 3 0 2 3  9 0 1 1  150. 3 8 2 9 1 - 3 5 8 0 7 5  
1 3 0 2 9  9005  150. 38291.401763 

13030 9 0 0 5  150,  38291 ,404465  
1 3 0 3 1  9005  150. 38291.485527 
1 3 0 3 2  9 0 0 5  150. 38291.489606 
1 3 0 6 0  9008 150- 38291.640166 
1 3 0 6 1  9008  150- 38291 .641814  

13062  9008 150- 38291.724741 
1 3 0 6 3  9 0 0 6  150- 38291 ,728681  
1 3 0 6 4  9008 150- 382910808296  
13028  9 0 0 4  150. 38291.884611 
40047  7 4  5399- 382910960179  

40048  7 5  53990 38291.962964 
4 0 0 4 9  7 6  5399- 38291.964381 
4 0 0 5 0  7 7  5399. 38291,967040 

4005 1 7 8  5399. 38292 .043610  
13037  9002  150. 38291.992853 

40052  7 9  5399. 38292.044340 
4005 3 80  5399- 38292.045138 
4 0 0 5 4  8 1  5399. 3 8 2 9 2 - 0 4 6 1 1 2  
40055  82 5399, 3 a 2 9 2 . 0 4 7 6 ~ 9  
4 0 0 5 6  8 3  5399. 38292 ,048304  

13041  9001  150- 38292.122258 

40058  85 5399- 38292.124058 

40060  87 5399. 38292.126016 

4005 7 8 4  5399. 38292 .  123243  

4 0 0 5 9  86  53990 38292.124297 

4006  1 88 5399. 38292 ,  1 2 6 9 4 8  
40062  8 9  5399- 38292.120047 
13042  9001  150. 38292,204734 
13038  9007 150, 38292,312445 
13040  9 0 1 1  150- 38292,313971 

RHO 

2.138 
2.238 
2 -  807 
2.695 
2 - 5 2 9  

2.559 
2.663 
2 - 8 5 9  
30528 
2.604 

1.808 
1.956 
1.522 
1.483 
2.087 

2 - 5 4 1  
2 - 4 2  1 
2,456 
2.566 
2 - 6 8 5  

2.929 
2 - 8 4 5  
3 0 6 0  
2.263 
1.712 

2 .441 
2 - 9 7 4  
4, 066 
3 -  302 
2.295 

2.083 
1.921 
1.815 
1.913 
2.031 

2 - 5 3 4  
3 - 6 7 3  
30343  
3,246 
2.618 

2.331 
2.072 
2 - 8 3 8  
2 .  370 
1 - 8 9 9  

M A  D M ( S E V 1  

,709 -.75E-5 
-720 .270E-4 
,703 - -244E-4  - 351 .24E-5 
0372 - 2 1 1 E - 4  

. 388 34E-7 
,407 -153E-4  
,702 --5OE-!5 
0 394  1 +E-5 . 7 0 1  24E-5 

,705 -238E-4  
728  26E-5 

0745 -030E-5 
,755 -.116E-4 

303 -41E-5  

,337 -105E-4  
- 3 5 2  - 0 0 7 3 3 9 3  
,404 -100E-4 

2 9 0  31E-5 
- 3 1 1  -.359E-4 

,350 - . 3 2 E - 5  

. 397 . 73E-5 
,400 - 1 3 7 E - 4  

- 3 5 4  -073E-5 
,301 - 0 0 0 3 2 1 2  

0336 - 3 1 3 E - 4  
- 3 5 4  --0019510 

387 - 0  807E-4  
,710 - 1 1 7 E - 4  
0347 - 0 0 0 2 6 5 4 4  

356 0004Y 36 
,366 .0007616 
,378 - 0 0 0 4 9 2 3  
0398 - 0 0 0 6 3 8 1  
0405 oOO14030 

3 32  - 0  2 1 O E - 4  . 344 .0025928 

,358 .0062248 
,379 ,0034037 

,355 ,0036073 

. 391  - 0 0 2  7902 
- 4 0 5  - 0 0 2 3 4 8 3  
0366 - .214€-4  

716  -24E-5  
0 7 3 5  .15E-5 

-15 - 

D t C  ( S I  

4. 
-71 .  

5 0 .  
8. 

94- 

7 -  
31. 
19- 
2 3 -  

-22 .  

- 1 6 7 -  
-48  . 

7 4  . 
9 0  
31 -  

-38. 
35728-  

- 6 4 -  
12. 

1 2 8 .  

-10. 
-50. 
-18 -  
-43 .  

- 3 3 4 0 -  

-2a8 .  
78139. 

779.  
20 .  

- 1  3046-  

2459 .  
3872-  
2 4 6 5 ,  

-3335.  
-7080 .  

- 8 6 .  
-2526 .  

110. 
Y738. 
-492  . 

-3112 .  
-2938 .  

-76 .  
1 2 -  
7 4 .  

i i A ( b i  

- 4 4 .  
LlG. 

- 1 7 5 ,  
2. 

119.  

22 .  
57 .  
-6. 

- 3 5 .  
- 1 .  

-0 .  
- 1 6 .  

3 4 .  
-43  . 
-4- 

2 3 .  
- 1  700. 

- 4 6 ,  
-31. 

4 0 ,  

-6. 
- 2 u .  

54. 
- 4 .  

- 1 0 4 .  

- 3 2  1 .  
3873. 
2157 .  

- 8 0 5 -  

-1689 .  
-622 

8 6 0  0 

- 2 4 0 5 ,  
660. 3 
-26 .  

-39069 .  
-40524 .  
-41575 .  
-3613G. 

- 3  1300 .  

- 

- 

- 2 2 -35. 3 1 0 tu 0 

17,  
49 . 
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Table 2 .--DO1 facsimile (continued) 

PER. NODE INCL I N A T  ION ECC. ANOMALY N A ( M M I  6 1 ( M ? l l  2'lMY) 
339,69799 192010130 47.25380 -058747 0931540 12.533850 70828350 7.359176 0931183 

- 
40025 101 5399. 38297.069667 2.792 ,339 00042171 -13'*90 -270660 
40026 102 53990 382970070344 20583 ,347 00044340 -291. -25785. 
40027 103  5399. 381970071283 2.340 -359  ,0033174 -2212. -19429. 

e 

13085 YO02 1500 382960061153 10885 0698 90E-5 -92. - 5 3 0  
13097 9012 1500 38296,273605 3.390 0361 011OE-4 -360 Z 30 
13086 9007 150, 38296.381099 3.392 ,708 0 LYE-5 -7 2 8 0  
13092 9006 1500 38296,590385 2.741 0331 0176E-4 -60. 65 0 

13093 9006 150. 30296.671014 2.857 ,342 ,401E-4 176. 5 9 0  

13087 9003 150. 38296.699736 2.379 -702 .301E-4 27. 1690 
13105 9008 1500 382960751036 2.834 0345 0431E-4 2290 470 
13088 9003 150, 38296.779038 2.229 -696 -072E-5 38. -100 
13089 9004 150. 38296,828609 2.061 -317  ,500E-4 -165. 1570 
13090 9004 1500 382960910438 20364 0343 -988E-5 300 -540 

40036 90 53990 382960982428 20922 0245 -.0006388 -1850. 
40037 91  5399. 38296.983-?01 2.435 -261  ,638E-4 32630 
40038 92 5399. 38296.984818 2.076 -275  -00004420 -731. 
40039 9 3  5399. 38296.985623 1,877 -285  -.389€-4 963, - 2 0 6 1 -  
40040 94  53990 38296,986811 lo713  e300 -,0005477 -367, -342 7 

40028 104 53990 38297-071708 20254 0364 00041578 -75160 -24935- 
40029 105 53990 302970072442 2.147 0374 00036435 -109810 

13098 9001 150. 38297.148408 20380 ,326 -oOOO4129 -58. 
13096 9002 150. 382970104236 2.888 ,772 0 l6E-5 5 0  

40030 106 5399. 382970149059 4.235 ,334 00012564 1 7 ,  

40031 107 53990 382970149793 30976  0343 00011234 743 
40032 108 53990 382970150243 30825 0349 oOOO8738 1100 -3346. 
40033 109 53990 38297.150879 30624  0357 oOO12888 3200 -47 19- 
40034 110 5399. 38297.151391 3.474 - 3 6 3  -.0001520 -1653. 
40035 111 5399. 38297,152327 3.230 -375  .0005220 -1128, 

13103 9007 1500 382970338670 20980 -711  -075E-5 22 0 -210 
13106 9008 1500 382970707229 20468 ,330 0222E-4 2370 -510 
13100 9003 1500 38297.738435 20100 .721 -0109E-4 -64 -52. 
13101 9004 150. 38297.865894 2-100 -319  -.114E-4 30  - 6 3 0  

-16 - 
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